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VTF, Rap94tains a 195 kb double stranded DNA genome, a multi-subunit RNA polymerase,
transcription initiation and termination factors and mRNA processing enzymes. Upon infection, vaccinia virus
early gene transcription takes place in the virus core. Transcription initiates at early promoters and
terminates in response to a termination motif, UUUUUNU, in the nascent mRNA. Early gene transcription
termination requires the vaccinia virus termination factor, VTF, a single stranded DNA-dependent ATPase,
and NPH I, the Rap94 subunit of the virion RNA polymerase, as well as the presence of the UUUUUNUmotif in
the nascent RNA. The position of UUUUUNU in the ternary complex suggests that it serves as a site of
interaction with one or more components of the transcription termination complex. In order to identify the
factor(s) that interact with UUUUUNU a series of direct UV photo crosslinking and ribonuclease A protection
studies were undertaken. Through these analyses both VTF and Rap94 were shown to interact with
UUUUUNU in the isolated ternary complex. Evidence indicates that the interaction is not mutually exclusive.
VTF was shown to bind to UUUUUNU through the N-terminal domain of the large D1 subunit. Furthermore,
VTF protects from RNAse A digestion both the 5′ region of the nascent transcript as well as a large central
component containing UUUUUNU. The addition of an oligonucleotide containing the 5BrU9 sequence both
directly inhibits transcription termination, in vitro and inhibits UV photo crosslinking of VTF to the nascent
RNA in the ternary complex. These results support a model in which the availability of the UUUUUNU motif
outside of the transcribing RNA polymerase permits binding of both transcription termination factors, VTF
and Rap94, to UUUUUNU. The assembly of this termination complex initiates the transcription termination
sequence.
© 2008 Elsevier Inc. All rights reserved.IntroductionPoxviruses comprise a highly successful group that infects hosts as
diverse as insects and primates (Moss, 2007). Poxviruses are large
complexviruses that contain anucleoprotein corewrapped inoneor two
phospholipid layers. The core harbors a single double stranded genome
that contains from150 to300genesdependingupon the speciﬁc virus. In
addition, the core possesses a multi-subunit RNA polymerase and
associated transcription initiation and termination factors, in addition to
mRNAprocessingenzymes. Poxviruses are unique amongDNAviruses in
that they carry on their replication cycle in the cytoplasm of infected
cells. Like other large DNA viruses, genes are transcribed in three
temporal classes thatdiffer in their associated transcription factors and in
the template location and conformation (Broyles, 2003). Early genes are
transcribed within the infecting virus core utilizing the core-associatedand Immunology, SUNY School
3435 Main Street, Buffalo, NY
nd Microbiology, University of
l rights reserved.RNApolymerase and transcription factors. The core actually contains two
multi-subunit RNA polymerases (Ahn and Moss, 1992; Kane and
Shuman, 1992). One form possesses eight virus encoded subunits and
exhibits the general architecture of a eukaryotic nuclear RNA polymer-
ase. The other form,which is active in early gene transcription, possesses
an additional subunit, Rap94. Evidence indicates that this latter RNA
polymerase is active only on early genes (Ahn et al., 1994; Deng and
Shuman, 1994; Wright and Coroneos, 1995; Condit et al., 1996) and that
newly synthesized RNA polymerase transcribes genes belonging to the
latter two classes (Hooda-Dhingra et al., 1989).
Early gene transcription terminates in a factor and sequence
dependent manner (Rohrmann et al., 1986; Yuen and Moss, 1986).
Termination requires the vaccinia termination factor, VTF (Shuman et al.,
1987), which is a multi-functional heterodimer that also serves as the
viral mRNA capping enzyme (Ensinger et al., 1975; Venkatesan et al.,
1980) and an intermediate gene transcription initiation factor (Vos et al.,
1991). In addition, termination needs energy provided by ATP hydrolysis
(Shuman et al., 1987; Hagler et al., 1994) catalyzed by a virus encoded
enzyme, nucleoside triphosphate hydrolyase I, NPH I (Deng and Shuman,
1996;Deng andShuman,1998; Christen et al.,1998). NPH I possessmotifs
present in superfamily II helicases (Christen et al., 1998) but helicase
226 L.A. Christen et al. / Virology 376 (2008) 225–235activity has not been demonstrated, to date. The C-terminus of NPH I
binds to the N-terminus of the Rap94 subunit of the virion RNA
polymerase (Mohamed and Niles, 2000). All evidence indicate that this
interaction is essential for termination, in vitro (Mohamed and Niles,
2000, 2001; Piacente et al., 2003). Finally, the conserved sequence
UUUUUNU,which resides in the nascent RNA at a position 30 to 50 bases
from the poly A addition site is essential for transcription termination
(Yuen and Moss, 1986, 1987; Shuman and Moss, 1988). Prior results
indicate that theUUUUUNUterminationmotif interactswithoneormore
termination factors to initiate the termination pathway (Hagler et al.,
1994).
Key to understanding the termination pathway is the identiﬁcation
of the UUUUUNU recognition protein(s) since it is likely that the
binding to this motif is an early step in the termination sequence.
Likely candidates include VTF, which is known to be an RNA binding
protein (Luo and Shuman,1993; Higman et al., 1994; Myette and Niles,
1996b). Prior experiments failed to demonstrate sequence speciﬁcity,
although VTF did show a preference for oligo U (Luo and Shuman,
1993). Since VTF catalyzes the ﬁrst three steps of mRNA cap formation,
which requires binding to the 5′ end of nascent mRNA, sequence
speciﬁcity for RNA binding would not be anticipated. NPH I must bind
ssDNA in order to exhibit ATPase activity (Paoletti and Moss, 1974;
Christen et al., 1999). Although ssRNA does not stimulate ATPase
activity, RNA competes for bindingwith ssDNA and acts as an inhibitor
of NPH I. Again, no sequence speciﬁcity was observed for ssRNA
inhibition of NPH I activity. Alternatively, any of the 9 subunits of the
virion RNA polymerase may harbor the UUUUUNU recognition site.
Finally, an as yet unidentiﬁed protein may serve as the UUUUUNUFig.1. A. Map of the Ter29 kas template. The Ter29 templatewas described by Deng et al. (199
strong early promoter (P) that drives transcription through a 20 base pair G-less cassette in S
elongated in Step 2 in the absence of ATP to yield a 77 base transcript, C77, placing the ternar
sequence of the entire C77 transcript bound in a ternary complex. RNA is numbered from the
radiolabeled in Step 2. If α32P UTP is employed the radioactivity is restricted to the U9 termin
channel of the RNA polymerase. The circle represents RNA polymerase present in the ternabinding partner. This protein could act in trans as a dissociable factor.
Alternatively, it may act in cis as a component of the RNA, DNA, RNA
polymerase ternary complex.
In this report, the results of direct UV photo crosslinking and
ribonuclease A protection studies are presented, which show that in
an isolated ternary complex multiple RNA polymerase subunits can
interact with the U9 termination motif in the nascent RNA.
Importantly, the known termination factors, VTF and Rap94 each
bind the termination motif. RNAse A sensitivity studies demonstrate
that VTF can protect up to 50 bases of the exposed transcript through
interactions both with the 5′ end region and with the U9 motif in the
central component of the RNA. Competition studies show that an
oligonucleotide containing 5BrU9 both inhibits transcription termina-
tion and crosslinking of U9 to VTF supporting a model in which VTF
binding to the U9 termination motif is a required step in early gene
transcription termination.
Results
Construction of a termination competent ternary complex
Deng et al. (1996) described the construction of a magnetic bead-
bound linear double stranded DNA template, Ter29 that they employed
in vaccinia virus early gene transcription studies, Fig. 1A. This template
possesses a strong early promoter that initially directs transcription
througha short 20basepairG-less cassette in theabsence ofGTPand the
presence of 3′ Omethyl GTP. Step 1 transcription yields a stable ternary
complex that contains a 21 nucleotide transcript, G21, with 3′ Omethyl6). Ter29 is a linear double stranded DNA that is linked to strepavidin beads (B). There is a
tep 1 transcription, yielding a 3′ Omethyl G21 RNA. Beads can be collected, washed and
y complex at the A4 sequence that ﬂanks the A-less cassette. B. This cartoon presents the
ﬁrst base in the transcript. The Step 1 sequence is boxed. The rest of the sequence can be
ation motif and to the region between U60 and U76 that resides within the RNA product
ry complex.
227L.A. Christen et al. / Virology 376 (2008) 225–235GMPat the 3′ terminus. Adjacent to theG-less sequence is a 57 base pair
A-less cassette that harbors a T9 stretch in the non-template strand,
beginning at nucleotide 29, where nucleotide 1 is the ﬁrst base of the
transcript. Afterwashing the beads, a second transcription reaction, Step
2, can be conducted in the absence of ATP, which moves the ternary
complex to a position at the endof theA-less cassette. The Step 2 ternary
complexpossesses a 77basenascent transcript, Fig.1B,whichhas theU9
termination motif located outside of the RNA polymerase product
channel. The 3′ end of the U9 motif is 41 bases from the 3′ end of the
nascent transcript in a location similar to that observed in poly A+
transcripts, in vivo. We modiﬁed the sequence of Ter29 kas so that
certain T bases in the non-template strandwere replacedwith C or G, in
the regionbetweenpositions 41 and 57, Fig.1B. This allowed retention of
Ts in the non-template strand both in the Step 1 sequence and in the
region between base pairs 60 and 76. This permitted us to selectively
label portions of the transcript with α32P UTP between U2 and U19 in
Step 1 transcription. Importantly, it would allow us to label the U9
termination motif between U29 and U37, and also U60 to U76 in Step 2
transcription. Selective labelingwouldpermit us to evaluate interactions
in the 5′ region of the transcript by incorporating radioactivity during
Step 1 transcription. Furthermore, it would permit us to focus on
interactions between theU9 terminationmotif and its recognition factor
through incorporating α32P UTP in Step 2 transcription. Finally, the 3′
terminal UMP residues between U60 and U76 would be expected to
reside in the RNA product channel of the RNA polymerase since they lie
in a region of the nascent transcript that is protected from RNAse A
digestion (Hagler and Shuman, 1992a). This latter segment would serve
as an internal control for evaluating protein/RNA interactions.
Direct UV photo crosslinking of proteins in the ternary complex to the
nascent RNA
UV photo crosslinking affords an opportunity to identify proteins
that are in close contact with radiolabeled RNA. A positive result
provides convincing evidence that a protein binds to the RNA. However,
a negative result does not necessarily demonstrate the lack of contact.
This is due to the fact that the UV photo activated base must lie both
close to and in a favorable position to form a covalent bond with an
amino acid side chain. In addition, since crosslinking is an irreversible
event, the extent of crosslinking cannot be used to measure afﬁnity.Fig. 2. UV photo crosslinking of proteins present in the ternary complex at the end of Step 1 tr
radiolabeled with α32PUTP is denoted by the dashed line. B. The Step 2 transcript contains
radiolabeled. This region is denoted by a dashed line. For both A and B, the dashed circle r
presence or absence of 2 pmol VTF. The radiolabeled products were separated by gel electro
identiﬁed by immunoprecipitation with polyclonal antibodies.With these caveats in mind, we employed this approach to attempt to
identify proteins in a transcription ternary complex that lie in close
contact with the U9 termination motif. α32P UTP was incorporated into
the nascent RNA in the bead-bound ternary complex either in theﬁrst or
second transcription reaction. Thus, UMP located either between
positions 2 and 19, or between positions 29 and 76, was selectively
radiolabeled, permitting evaluationof protein/RNA interactions either in
the 5′ region or the central region of the nascent transcript. As an initial
test, ternary complexes were prepared after Step 1 transcription, which
contained a short, radiolabeled, G21 base transcript. After washing, the
bead-bound templates were treated with UV light in the presence or
absenceof addedVTF. Ternary complexeswere treatedwithDNAse I and
RNAseT1, denatured and separatedbygel electrophoresis andvisualized
by autoradiography. In Fig. 2A, a single prominent radioactive
component was observed in the absence of added VTF. When VTF was
added prior to irradiation, a minor faster migrating product is also seen.
Immunoprecipitation with polyclonal antibodies directed against the
large subunits of the viral RNA polymerase and the large, D1 subunit of
VTF conﬁrmed the identity of the radioactive components (data not
shown). The major protein crosslinked to the nascent Step 1 RNA is the
146 kDa subunit of the viral RNA polymerase, which identiﬁes the
location of the product RNA channel in this subunit.
Bead-bound ternary complexes were prepared which were radi-
olabeled with α32PUTP during Step 2 transcription. Radioactive UMP
was located both in the U9 termination motif positioned outside of the
RNApolymerase, and also in the3′ regionof the transcript residing in the
RNA product channel. UV photo crosslinking was carried out in the
absence or the presence of added VTF and after nuclease digestion and
denaturation of the proteins, the radiolabeled components were
separated by gel electrophoresis and the migration positions identiﬁed
by autoradiography, Fig. 2B. In the absence of added VTF, three
prominent components can be identiﬁed. The upper band corresponds
to the migration position of the two large subunits of the virion RNA
polymerase. The second component corresponds to the mobility of the
large subunit of VTF. Itwill be demonstrated that this bandcontainsboth
Rap94 and VTF-D1. VTF is a heterodimer that contains two subunits:
VTF-D1 (97 kDa) and VTF-D12 (32 kDa). A small crosslinking product of
about 18 kDamolecularweight is also present.When VTF is added prior
to photo crosslinking additional bands can be seen. The large RNA
polymerase subunits are present as well as an enhanced level of VTFanscription (A) or Step 2 transcription radiolabeled in Step 2 (B). A. The Step 1 transcript
two regions. The 5′ 28 bases lack radioactivity. From position 29 to 76, U residues are
epresents RNA polymerase in the ternary complex. Crosslinking was carried out in the
phoresis and observed by autoradiography. The radiolabeled protein components were
Fig. 3. Immunoprecipitation of UV photo crosslinked proteins. Ternary complexes were prepared with the nascent C77 RNA radiolabeled in Step 2 with α32PUTP. Complexes were UV
photo crosslinked in the absence or presence of 2 pmol of VTF, nuclease treated and denaturedwith SDS. Proteins were immunoprecipitated with polyclonal antibodies raised against
individual subunits of the vaccinia virus RNA polymerase ormRNA capping enzyme (VTF) and observed by autoradiography subsequent to gel electrophoresis. The numbers at the top
of each lane refer to the proteins to which antibodies were raised, e.g. 18 refers to Rpo18, a RNA polymerase subunit. On the right side of each panel, the precipitated bands are
identiﬁed. Pol, Rpo 146 and Rpo 133; R94, Rap94; D1 and D14, VTF subunits; Pol 18, Rpo18. Variable low levels of crosslinking were observed to both the 30 kDa subunit of RNA
polymerase and to NPH I.
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observed. A crosslinkingproductof about32kDa is present aswell as the
18 kDa component seen in the absence of VTF. Washing the ternary
complexeswith up to 1Mpotassiumacetate did not alter the amount or
distribution of the crosslinking products (data not shown).
In order to identify the proteins capable of being crosslinked to the
nascent RNA radiolabeled in Step 2 transcription, a series of immuno-
precipitations were conducted. Ternary complexes were constructed
and UV photo crosslinkingwas carried out in the absence or presence of
added VTF. After nuclease treatment, protein complexes were disrupted
with a low level of detergent prior to antibody addition. In Figs. 3A,B the
results are presented. The numbers on top of each lane identiﬁes the
RNA polymerase subunit speciﬁc antiserumemployed. In the absence of
added VTF, the largest component resolved by gel electrophoresis in
Fig. 2B actually contains the 133 kDa and 147 kDa subunits of the RNA
polymerase. In addition, the small 18 kDa product is also identiﬁed as a
RNA polymerase subunit. On occasion, a variable level of crosslinking to
a 30 kDa RNA polymerase subunit and to NPH I can be seen, as well. InFig. 4. The U5NU termination motif UV photo crosslinks to the N-terminal domain of the VT
containing the 97 kDa D1 subunit and the 32 kDa D12 subunit. The three catalytic sites
triphosphatase (R) and the guanylyltransferase (G) active sites reside in the N-terminal 60 kD
in the C-terminal region of D1 between amino acids 498 and 844 and requires association
nascent RNA labeled in Step 2 with α32PUTP. Complexes were incubated with variable levels o
nuclease treatment, and denaturation, radiolabeled proteins were analyzed by immunoprec
147 to 621. In the case of the MTase domain, the level of crosslinking to either D1498–844 orthe absence of added VTF, Fig. 3A, a low level of radioactive D1 is
observed. VTF is effectively washed from the ternary complex after Step
1 transcription but a low and variable level remains. However, in Fig. 2B,
a crosslinked proteinwas observed that comigrates with the D1 subunit
of VTF. Results in Fig. 3A demonstrate that the comigrating radiolabeled
component is the Rap94 subunit of the viral RNApolymerase.WhenVTF
is added prior to treatment with UV light, one now observes a
substantial level of crosslinking to both the large D1 and small D12
subunits of VTF. Hagler et al. (1994) also provided evidence for an
interaction betweenVTFand the central regionof thenascent transcript.
Thus, the U9 termination motif in the nascent transcript can be photo
crosslinked tomultiple subunits in the RNA polymerase, and also to two
components of the transcription termination system VTF and Rap94.
Based on their known function in early gene transcription termination,
further studies focused on both VTF and Rap94. It remains to be seen if
the observed minor interactions seen with the 18 kDa, 133 kDa and
146 kDa RNA polymerase subunits have a functional signiﬁcance in
terms of early gene transcription termination.F D1 subunit. A. A cartoon is presented that depicts the heterodimeric structure of VTF,
of the mRNA capping enzyme can be separated into two active domains. The mRNA
a domain containing amino acids 1 to 545. The N-7-methyltransferase active site (M) is
of the D12 subunit for full catalytic activity. B. Ternary complexes were prepared with
f VTF, with D11–545 or the MTase domain, D1498–844D12, and treated with UV light. After
ipitation with antibodies directed against a fragment of the VTF D1 protein, amino acids
the D12 subunit was below the level of detection.
Fig. 5. Crosslinking of Rap94 and VTF to the U5NUmotif is notmutually dependent. Ternary complexeswere prepared using a template that possessed awild type or amutant termination
sequence. Step 2 transcription of each template yielded ternary complexes that had nascent transcripts containing either awild type or amutant terminationmotif. UV photo crosslinking
was conducted in the absence or presence of increasing amounts of VTF. The radiolabeled ternary complexeswere nuclease treated, denatured and the radiolabeled D1 and Rap94 proteins
were collected by immunoprecipitation. After gel electrophoresis precipitated proteins were observed by autoradiography and the intensities of the bands were determined by
densitometry. A. Antibodies againstD1were employed. B. Anti-Rap94wasused. C. Transcripts synthesized on thewild type ormutant templateswere quantiﬁedbydensitometry. D. This is
a graphical representationof the levels of immunoprecipitated crosslinkedD1andRap94. Eachpoint is the average of three independent determinations. (+)WTU9andD1; (Δ)MutU9and
D1; (o) WT U9 and Rap94; and (+) Mut U9 and Rap94. Abs refers to the densitometry of each component determined by densitometry of the exposed ﬁlms.
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U9 motif
VTF also catalyzes the ﬁrst three steps in the formation of the mRNA
cap0 structure (Ensinger et al.,1975;Venkatesan et al.,1980). Prior studies
demonstrated that the mRNA triphosphatase and guanylyltransferase
active sites reside in theN-terminal 60kDadomainof the largeD1subunit
(Shuman andMorham,1990; Higman et al.,1992). This domain can either
be released by protease cleavage of the D1/D12 heterodimer or can be
expressed in active form in Escherichia coli as D11–545 (Myette and Niles,
1996a). The N7 guanine methyltransferase active site is present in a
heterodimer that containsD1498–844 and theD12 subunit, Fig. 4A (Higman
et al.,1992,1994). In order to identify the region of VTF that interacts with
the U9motif in the transcription ternary complex varying concentrations
of VTF or either active domain of VTFwere incubated with isolated Step 2
ternary complexes, treated with UV light, denatured and immunopreci-
pitatedwith antibodies directed against theN- or C-terminal region of D1.
The precipitated products were separated by gel electrophoresis and
observed by autoradiography. In the top panel of Fig. 4B a dose dependent
variation in crosslinking of full length D1 is apparent. When the N-
terminal domain, D11–545,was evaluated two componentswere observed,
Fig. 4B, middle panel. The top band is the endogenous D1 subunit
remaining in the washed ternary complex. Below is the dose dependent
crosslinking of U9 to D11–545, demonstrating that VTF is able to interact
withU9 through theN-terminal domain.When varying concentrations of
the methyltransferase domain were evaluated, only crosslinking to the
endogenous VTF D1 subunit is observed. Thus, in the isolated ternary
complex, VTF interacts with the U9 termination motif through a region
present in the N-terminal domain of the large subunit.
Interaction of VTF and Rap94 to the U9 termination motif is not mutually
exclusive
Immunoprecipitation analysis demonstrates that both the Rap94
subunit of the virion RNA polymerase and VTF can be crosslinked to theU9 termination motif in the ternary complex. In order to determine
whether the interaction of U9 with one component impacts on
crosslinking to the other component, UV photo crosslinking was
conducted with Step 2 labeled ternary complexes at different levels of
addedVTF. Subsequent to incubation of the ternary complexeswithVTF,
samples were irradiated with UV light, nuclease treated, denatured and
immunoprecipitatedwith antibodies directed against Rap94 and theD1
subunit of VTF. In Figs. 5A,B, toppanels, the extent of crosslinking to both
D1 and Rap94, at different concentrations of VTF, is presented. The
intensity was quantiﬁed and the average of three independent
determinations is presented in Fig. 5D. As the amount of VTF is
increased prior to irradiation, there is a 25% decrease in the ability of U9
to crosslink to Rap94. This result demonstrates that crosslinking of VTF
and Rap94 to the terminationmotif is not mutually exclusive, but rather
it supports a model inwhich both D1 and Rap94 interact with U9 in the
ternary complex at the same time. The 25% reduction in crosslinking to
Rap94maybe causedby the repositioningof theU9motif onRap94after
VTF binding reducing crosslinking efﬁciency.
Both VTF and Rap94 crosslink to an inactive mutant termination sequence
The sequence GUUUGUUUG is an altered termination motif that
stimulates termination at less than 10% of the activity of the wild type
sequence (data not shown). In order to determine whether the
sequence alteration causes a decrease in the interaction of the mutant
termination motif with either VTF or Rap94, ternary complexes were
prepared on a mutant Ter29 kas template and crosslinking efﬁciency
was evaluated as described above. In Fig. 5C the amount of transcript
present in the wild type and mutant ternary complex demonstrates
that the overall RNA level was comparable. In Figs. 5A,B, bottom
panels, the crosslinking efﬁciency observed for both the D1 subunit
and Rap94 is presented at varying amounts of added VTF. There is a
clear reduction of crosslinking to both D1 and to Rap94 when the
mutant RNA is compared to the wild type U9 sequence. This reduction
is likely to be due both to the reduction in radioactive UMP in the U9
Fig. 6. A 5BrU9 containing 22 base oligonucleotide inhibits both vaccinia virus early gene
transcription termination and UV photo crosslinking to VTF. A. Addition of a 5BrU9
oligonucleotide inhibits transcription termination in a standard bead-bound transcrip-
tion termination assay. Lane 1, Step 1 G21 RNA. Step 2 transcription elongation of Step 1
RNA was done in the presence of four nucleoside triphosphates plus 2 pmol of VTF, in
the absence or presence of various concentrations of 5BrU9 oligonucleotide. RT, read
through transcription to the end of the linear template. Term, the product of
transcription termination in response to the UUUUUNU termination motif. The
percentage of termination is presented at the bottom. The results represent the average
of two independent determinations. B, C, D. UV photo crosslinking was carried out using
Step 2 labeled ternary complexes incubated in the absence or presence of 2 pmol of VTF
and various concentrations of 5BrU9 oligonucleotide. B. Total UV photo crosslinking
products were separated by denaturing gel electrophoresis and observed by
autoradiography. C, D. UV photo crosslinked ternary complexes were denatured and
either D1 or Rap94 proteins were collected by immunoprecipitation. The relative levels
of radioactivity presented below each panel are the average of two independent
determinations.
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is replaced by G. Importantly, when the level of crosslinking is
considered as a percentage of maximal crosslinking for both proteins,
there is no difference between the ternary complex containing the
wild type U9 motif and the complex that harbors the termination
motif mutant, Fig. 5D. The simplest interpretation is that the binding
of VTF and Rap94 to the termination motif is not substantially altered
by the introduction of the three G residues. Alternatively, any
alteration in interaction with the mutant termination motif is
comparable for both proteins.
5BrU9 inhibition of VTF-dependent transcription termination correlates
with inhibition of UV photo crosslinking to U9 in the isolated ternary
complex
Prior studies showed that the addition of a 22 base oligonucleotide
containing a 5BrU9 sequence inhibited early gene transcription
termination resulting in the synthesis of enhanced levels of read
through transcript (Mohamed and Niles, 2003a,b). This contrastssharply with studies that demonstrate that the addition of an
oligonucleotide with a U9 motif stimulates premature early gene
transcription termination. A competition test established that the
addition of the 5BrU9 oligonucleotide prevented U9 stimulation of
premature transcription termination, verifying that the 5BrU9 oligo-
nucleotide interacts directly with U9 recognition factor. In an attempt
to evaluate the functional signiﬁcance of the observed interactions
between both VTF and Rap94 with the U9 motif in the ternary
complex, the effect of addition of a 5BrU9 oligonucleotide on UV photo
crosslinking was evaluated. The results in Fig. 6A demonstrate that
addition of a 22 base 5BrU9 oligonucleotide to an in vitro transcription
reaction results in a reduction of transcription termination and the
enhanced synthesis of the read through product. UV photo cross-
linking was carried out with Step 2 radiolabeled ternary complexes in
the presence or absence of added VTF and the absence or presence of
increasing concentrations of the 5BrU9 oligonucleotide. In Fig. 6B, it
can be observed that the addition of the oligonucleotide has no affect
on crosslinking to the largest RNA polymerase subunits. However, it
appears that oligonucleotide addition reduces crosslinking both in the
VTF D1/Rap94 region and the small VTF subunit D12 region of the gel.
To distinguish between VTF D1 and Rap94, crosslinked samples were
immunoprecipitated with polyclonal antibodies, Figs. 6C,D. It is
apparent that the 5BrU9 oligonucleotide dramatically reduces the
ability of VTF D1 to crosslink to the U9 motif in the nascent RNA in the
ternary complex. However, there is little indication of a reduction of
crosslinking to Rap94. Rather, there appears to be an inverse
relationship between crosslinking to D1 and to Rap94.
VTF interacts with the 5′ end region of the nascent RNA in a ternary
complex
As an alternative approach, the ability of VTF to protect the nascent
RNA in a ternary complex from RNAse A digestion was evaluated.
Bead-bound ternary complexes were prepared at the end of Step 2
transcription on templates containing a wild type T9 sequence. The
nascent RNA was either labeled in Step 1, which would limit the
radioactivity to the sequence between U2 and U19, or labeled in Step
2, which would focus the label between U29 and U37 and between
U60 and U76, Fig. 1B. The latter region resides within the RNA product
channel in the RNA polymerase. Either RNA isolated from the ternary
complex, or the intact ternary complex, was incubated in the presence
or absence of VTF and further incubated with different levels of RNAse
A. After digestion, RNA was isolated and separated by denaturing gel
electrophoresis. Fig. 7B demonstrates that the free RNA is readily
degraded at low RNAse A levels in the presence or absence of added
VTF. Perhaps there is a low level of preferential protection in the
presence of VTF. However, in the context of the isolated ternary
complex, VTF affords substantial protection of the nascent RNA even at
high RNAse A levels, Fig. 7A. Importantly, protection of the entire
nascent RNA is observed, Fig. 7A, top panel. The VTF protection of the
RNAse A cleavage of the 5′ region of the nascent RNA in isolated
ternary complexes is apparent when quantiﬁed, in Fig. 7C.
This analysis was extended to an evaluation of VTF-dependent
protection of ternary complexes radiolabeled in Step 2. Again, free Step 2
labeled RNA, isolated from bead-bound ternary complexes, is readily
digested by RNAse A and VTF does not afford measurable protection to
the transcript that is radiolabeled in the central and 3′ regions, Fig. 8B.
When the labeled nascent RNA is present in an isolated ternary complex,
however, VTF affords substantial protection at even the highest RNAse A
level employed, Figs. 8A,C. Again, note that the full length transcript is
protected. In addition, note that in the absence of VTF, RNAse cleavage of
RNA in the ternary complex yields a nuclease insensitive fragment. This
is the RNAse resistant portion in the 3′ region of the transcript that is
protected by the RNA polymerase in the ternary complex.
In a ﬁnal analysis, the ability of VTF to protect nascent RNA that
contains either a wild type U9 termination motif or the mutant motif
Fig. 7. VTF protects end labeled ternary complex RNA from RNAse A digestion. Step 2 ternary complexes were prepared containing transcripts radiolabeled in Step 1. Either RNA
extracted from ternary complexes (B) or bead-bound ternary complexes (A) were incubated in the absence or presence of 3 pmol of VTF in the absence or presence of increasing
amounts of RNAse A. After incubation at 37 °C, RNA was extracted, separated by gel electrophoresis and observed by autoradiography. Full length RNA was quantiﬁed in panel A by
densitometry and the results were presented as % protection at different levels of RNAse A employed in the presence or absence of VTF (C). The results in C are the average of two
independent determinations.
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employed that yielded an intermediate level of degradation of the
transcript in the ternary complex. Isolated bead-bound ternary com-
plexes prepared onwild type or mutant templates were incubated with
different levels of VTF, digested with RNAse A and the isolated RNA
products were evaluated by gel electrophoresis. The level of full length
transcript was quantiﬁed and the results are presented in Figs. 9A,B,C. It
is clear that for both templates, as the amount of VTF is elevated the level
of protection of full length transcript is increased, Figs. 9A,B. However,
the extent of protection for the nascent RNA that has the wild type U9
motif is not distinguishable from that with the mutant sequence
supporting the prior observation that VTF interaction is not reduced by
alterationof the terminationmotif. Includedon the graph, Fig. 9C, is VTF-
dependent transcription termination measured at different VTF con-
centrations. These results demonstrate that the level of VTF required forFig. 8. VTF protects internally radiolabeled Step 2 RNA in an isolated ternary complex from RN
performed as described in the legend to Fig. 7. A. RNA in isolated ternary complexes; B. RNA ex
average of two independent determinations. The arrow in A denotes themigration of the 3′ re
polymerase. The fastest migrating component in A is a collection of short fragments productranscription termination is indistinguishable from that required to give
protection from RNAse A.
Discussion
Termination of vaccinia virus early gene transcription is mediated by a
novel pathway employing several viral proteins that respond to a unique
sequence motif embedded in the nascent transcript. Termination utilizes
both trans-acting factors and cis-acting components of the transcription
ternary complex. The UUUUUNU termination motif lies in cis in the
ternary complex, positioned outside of the RNA polymerase, available for
interaction with one or more components of the termination pathway
(Hagler and Shuman, 1992a). Rap94, the early gene speciﬁc RNA
polymerase subunit is also located in the ternary complex, thus acting
in cis in regards to transcription termination (Ahn et al., 1994; Deng andAse A digestion. Preparation of ternary complexes, RNAse protection and analyses were
tracted from ternary complexes; and C. The quantiﬁcation of the results in panel A is the
gion of the nascent RNA protected by its location in the RNA product channel of the RNA
ed by RNAse digestion.
Fig. 9. VTF protection of nascent RNA in isolated ternary complexes is not affected by amutation in the terminationmotif. Ternary complexes were prepared on bead-bound templates
containing either a wild type (WT) U9 termination motif (A), or a mutant (Mut) termination motif (B). RNAse protection was tested in the absence or presence of increasing levels of
RNAse A. RNAwas extracted and separated by gel electrophoresis. The protected full length RNA, denoted by a bar, was observed by autoradiography and the amount was quantiﬁed
by densitometry. The results are expressed in C as the percentage of full length RNA present after RNAse A digestion, at each concentration of VTF. Each point is the average of two
independent determinations. In C, the percentage of transcription termination observed at each VTF concentration is also presented (o), (+) wild type termination motif, and (Δ)
mutant termination motif.
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complex and normally it is not necessary to be added to the reaction.
However, in transcription competent extracts prepared fromcells infected
with a temperature sensitive mutation in gene D11L, transcription
termination requires the addition of NPH I in trans (Christen et al., 1998).
Thus, NPH I is part of the normal transcription elongation complex
constructed on a bead-bound template. VTF, the vaccinia termination
factor is easily separated from the ternary complex by salt wash of the
bead-bound template. Both termination analysis and UV photo cross-
linking demonstrate that a low level of VTF is retained in the washed
ternary complex. Retention is somewhat variable and appears to be
inﬂuenced by the template employed. Nonetheless, efﬁcient termination
requiresVTFaddition (Shumanet al.,1987). Prior studies fromtheShuman
laboratory showed that the ability to form a stable association of VTF and
the ternary complex required an RNA chain length of greater than 31
nucleotides (Hagler and Shuman, 1992a; Hagler et al., 1994).
In principle, one or more of the ternary complex components might
serve as the UUUUUNU recognition factor. The most likely candidates
include the known termination factors, VTF, Rap94 and NPH I. However,
this does not exclude either other subunits of the RNA polymerase, or a
yet to be identiﬁed trans-acting termination factor. The use of the bead-
bound Ter29 kas template provided a means to identify components of
the ternary complex that interact with the UUUUUNU termination
motif. UV photo crosslinking, in effect, traps proteins that lie close to the
nascent RNA in the ternary complex. Digestion of the nascent RNAwith
ribonuclease T1, which cleaves after G, permits the retention of the
entire U9 termination motif on the crosslinked protein. Crosslinks that
occur outside of the radiolabeled region are not observed by this
analysis. Importantly, label in the 3′ region of the Step 2 transcript
crosslinks to the large RNA polymerase subunit, which serves as an
effective and convenient internal control for these studies.
Initial experiments showed that the short, 21 base,G21 RNA
transcript synthesized during Step 1 transcription crosslinked pri-
marily to the largest RNA polymerase subunit. This demonstrates that
the product RNA channel resides within the 146 kDa subunit in accord
with the known structures of both bacterial and eukaryotic RNA
polymerases (Gnatt et al., 2001) Addition of VTF revealed a low level of
interaction between the D1 subunit and this short transcript.
However, RNA of this length is not able to be capped in vitro indicating
that a functional interaction between VTF and G21 RNA is not likely
(Hagler and Shuman, 1992a).Ternary complexes possessing a 77 base transcript labeled exclu-
sively in Step 2 exhibit additional interactions. Since the transcript
possesses radioactivity in the 3′ terminal region, crosslinking to the
146 kDa RNA polymerase subunit was anticipated. Additional
interactions of the nascent transcript with the 133 kDa and 18 kDa
RNA polymerase subunits were also observed. Importantly, cross-
linking of U9 to Rap94, an RNA polymerase subunit known to be
required both for early gene transcription initiation (Ahn et al., 1994;
Deng and Shuman, 1994) and termination (Mohamed and Niles, 2001;
Mohamed et al., 2002) was observed as well. Rap94 and the D1
subunit of VTF often co-migrate during SDS gel electrophoresis
preventing prior identiﬁcation of its interaction with the nascent
transcript (Hagler et al., 1994). The functional signiﬁcance of
interactions of the 133 kDa and 18 kDa RNA polymerase subunits is
not clear. These studies focused on U9 interactions with the known
termination factors, VTF and Rap94, but we cannot exclude a role for
either the 133 kDa or the 18 kDa RNA polymerase subunit in tran-
scription elongation or termination.
The interaction of VTF with the nascent transcript in the isolated
ternary complex is complicated by the fact that VTF also serves as the
mRNA capping enzyme (Shuman et al., 1987). RNAse A digestion
studies demonstrate weak protection of the 5′ region of an isolated
transcript by VTF. However, in the context of the bead-bound ternary
complex, VTF exhibits substantial protection of the exposed RNA.
Importantly, VTF provides protection of the full length transcript
demonstrating intimate contacts between VTF and the nascent RNA in
the ternary complex not observed with the free RNA. In a ternary
complex containing an internally radiolabeled transcript, VTF also
exhibits extensive protection of the entire RNA polymerase-bound
transcript. These results support a model in which the nascent
transcript resides sandwiched between VTF and the RNA polymerase
in an isolated ternary complex. This is consistent with the requirement
for an RNA of 51 nucleotides in length to permit formation of a stable
complex between VTF and the RNA polymerase in the ternary complex
(Hagler et al., 1994). The site of UV photo crosslinking of VTF to RNA in
the ternary complex maps to the N-terminal domain of the large D1
subunit of VTF. An RNA binding site was identiﬁed previously in the
same domain (Myette and Niles, 1996b). Interestingly, a single base
mutation in the termination motif, known to reduce termination
efﬁciency by 90% does not exhibit a corresponding reduction in
crosslinking. This indicates that the loss of termination activity in this
Fig. 10. A model of a transcription ternary complex prior to termination and transcript
release. The nascent RNA is represented by a dotted line. The relevant subunits are
labeled: VTF, vaccinia termination factor; Rap94, the early gene transcription speciﬁc
RNA polymerase subunit; and NPH I, nucleoside triphosphate phosphohydrolase I,
which catalyzes the hydrolysis of ATP and provides the energy required for transcript
release. The other objects represent other subunits of the viral RNA polymerase.
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termination motif. Rather, it seems likely that the mutation prevents
the action resulting from the VTF/UUUUUNU interaction.
Of the four RNA polymerase subunits that crosslink to internally
radiolabeled RNA, Rap94 is themost interesting. Two lines of evidence
demonstrate that Rap94 interacts with U9 rather than the 3′ labeled
region of C77 RNA, U60 to U76. First, Rap94 is not labeled in ternary
complexes containing radiolabeled G21 RNA, which contains the same
number and distribution of U residues as found in the 3′ region of Step
2 RNA. Second, the labeling efﬁciency of Rap94 is reduced when
ternary complexes contain C77 RNA harboring a mutant termination
motif. Rap94 is known to be an essential early gene transcription
termination factor (Mohamed and Niles, 2001; Mohamed et al., 2002).
In addition, the N-terminal end of Rap94 binds to the C-terminal end
of NPH I, which tethers NPH I to the RNA polymerase in the ternary
complex (Mohamed and Niles, 2000). This interaction also provides a
likely reason for the restriction of U5NU motif dependent transcrip-
tion termination to early genes since the RNA polymerase that
transcribes intermediate and late genes lacks the Rap94 subunit. The
interaction between Rap94 and the U5NU termination motif is not
prevented by a mutation in the termination sequence indicating that
reduced binding to Rap94 does not explain the reduced termination
activity exhibited by this mutation. Furthermore, crosslinking of U5NU
to Rap94 is not dependent upon the presence of VTF since maximal
crosslinking is observed in salt washed ternary complexes fromwhich
VTF has been removed. However, addition of VTF causes a dose
dependent reduction of crosslinking to Rap94 but the decrease is
limited to about 25%, at saturating VTF. This indicates that both VTF
and Rap94 can interact with U9 at the same time, which supports the
sandwich model described above.
Addition of a 5BrU9 22 base oligonucleotide inhibits both
transcription termination and UV photo crosslinking. The loss of
termination activity correlates well with a decrease in crosslinking to
both the large and small subunit of VTF. These data do not permit us to
determine whether the oligonucleotide interacts directly with VTF
bound in the ternary complex or with VTF that has dissociated from
the ternary complex and is prevented from reassociating with the U9
motif. In spite of this ambiguity, the observed correlation provides
strong support for a direct functional interaction between both
subunits of VTF and the termination motif in the isolated ternary
complex. Interestingly, crosslinking to Rap94 is not reduced by 5BrU9
addition. Rather, there is a modest increase in crosslinking due to the
increase in VTF-free transcript in the ternary complex. The molecular
details of the interactions among the U5NU termination motif and
both VTF and Rap94 are likely to provide the insight essential for
deﬁning these initial steps in transcription termination.
Our current understanding of early gene transcription termination
is presented in cartoon form in Fig. 10. A termination competent
ternary complex contains the RNA polymerase bound to a bubble in
the template that has the 3′ end of the nascent transcript annealed to
the template strand. The RNA chain extends through the product
channel in the 146 kDa subunit for about 18 bases (Hagler and
Shuman, 1992b). Upon exit from the channel, the transcript can
interact with additional RNA polymerase subunits, including Rap94.
When VTF is present, VTF interacts extensively with the transcript,
including both the 5′ end region and the central sequence containing
the U5NU termination motif. In our studies, there is no guarantee that
a single VTF molecule is responsible for this entire interaction.
However, it is clear that the full protection requires that the transcript
reside in the ternary complex since it is not observed when free RNA is
tested. The most parsimonious model posits that the transcript lies
sandwiched between VTF and the RNA polymerase. This is supported
by an apparent simultaneous interaction between UUUUUNU, VTF and
the RNA polymerase subunits, notably Rap94. NPH I is a single
stranded DNA-dependent ATPase that provides the energy required
for termination (Deng and Shuman, 1998; Christen et al., 1998). SincessDNA is required to reveal a normally cryptic active site, the model
shows NPH I binding to the non-template strand in the bubble.
Furthermore, the C-terminal end of NPH I must interact with the N-
terminal domain of Rap94 for termination to occur (Mohamed and
Niles, 2000, 2001, Piacente et al., 2003). This overall arrangement of
factors in the termination competent ternary complex argues that the
interaction of VTF with the U5NU termination motif and Rap94
initiates the transmission of the termination command through Rap94
to NPH I, which now is stimulated to hydrolyze ATP and provide the
impetus to terminate transcription and release the nascent transcript.
Materials and methods
Transcription assays
A plasmid containing the chimeric gene Ter29 (Deng et al., 1996)
was generously provided by Dr. Stewart Shuman of Memorial Sloan
Kettering Cancer Center. Ter29 was constructed to serve as a tool to
evaluate vaccinia virus early gene transcription termination and
transcript release, in vitro, Fig. 1A. The GC rich sequence at the
beginning of the A-less cassette was changed into a Kas I recognition
site. The altered gene is referred to as Ter 29 kas. PCR was employed to
amplify the Ter29 segment from the plasmid. One primer contained
biotin linked to the 5′ end, while the other primerwas phosphorylated
by bacteriophage T4 polynucleotide kinase with γ32P ATP of known
speciﬁc activity. The biotinylated linear double stranded DNA segment
was bound to strepavidin beads and employed in transcription assays.
The linear DNA fragment contains a strong early promoter followed by
a 20 base pair G-less cassette, a 57 base pair A-less cassette and a 112
base pair segment of random sequence. Transcription takes place in a
series of steps. In Step 1, transcriptionwas conducted in the absence of
GTP and the presence of 3′ Omethyl GTP through a 20 base pair G-less
cassette, yielding a 21 base transcript, G21 RNA. Bead-bound ternary
complexeswere collected using amagnet, washed and resuspended in
transcription assay salts. Step 2 transcription was conducted in two
ways. First, transcription termination was evaluated by elongation of
the G21 RNA in the presence of 1 mM of all four nucleoside
triphosphates plus the addition of the vaccinia termination factor,
VTF. Failure to terminate yields a 189 base runoff transcript. VTF-
dependent termination produces a shortened transcript of about 75
bases in length, Fig. 1A. Second, for both UV photo crosslinking
experiments and for ribonuclease A protection studies Step 2
transcription was conducted in the absence of ATP and VTF. This
permitted elongation of G21 RNA through the adjacent A-less cassette
up to the ﬁrst AT base pair at position 78. This yields a stable ternary
complex that contains a 77 base RNA, C77. Importantly, the U9
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outside of the RNA polymerase and available for interacting with U9
recognition proteins (Hagler and Shuman, 1992b). Step 1 transcription
was conducted at 30 °C for 10 min in 20 mM Tris HCl, pH 8.0, 6 mM
MgCl2, 100 fmol bead-bound Ter29 template 1 mM CTP, 1 mM ATP,
0.5 μCi α32P UTP, and 0.25 mM 3′ Omethyl GTP. Beads were collected,
washedwith 20 μl 0.25M potassium acetate and three times in 20 μl of
transcription salts and resuspended in transcription salts. For
transcription termination assays, Step 2 transcription was carried
out in transcription assay salts, 1 mM NTPs plus or minus 2 pmol of
VTF. RNA samples were separated on 11% polyacrylamide gels
containing 8 M urea.
Enzyme preparation
Vaccinia virus was grown (Condit and Motyczka, 1981) and
puriﬁed (Baroudy and Moss, 1980), as described. Early gene transcrip-
tion competent RNA polymerase was prepared from sucrose gradient
puriﬁed virus through two DEAE cellulose column chromatography
steps as described (Baroudy and Moss, 1980; Shuman et al., 1987). For
some experiments, the RNA polymerase was size-fractionated on a
glycerol gradient (Shuman et al., 1987). RNA polymerasewas aliquoted
and stored at −80 °C without loss of activity. VTF, D1–545, D1498–844/
D12 and NPH I were prepared from E. coli engineered to over express
each enzyme, as described (Higman et al., 1992, 1994; Myette and
Niles, 1996a).
UV photo crosslinking
The sequence of the Ter29 template was modiﬁed to remove a
group of Ts from the non-template strand between positions 41 and 57
and replaced with C or G, Fig. 1B. The plasmid was constructed by
ligating two synthetic double stranded DNA fragments to pGem3Zf+
cleaved with Sal I and Xba I. The left fragment contained the strong
early promoter region and the G-less cassette ﬂanked on the left end
with a Sal I overhang and on the right end with a Kas I overhang. The
right fragment contained the remainder of the Ter29 sequence
through the A4 region in nucleotides 78 to 81. This fragment was
ﬂanked by a Kas I overhang on the left end and an Xba I overhand on
the right end. The two fragments were joined and inserted into the
plasmid in a three way ligation. The DNA sequence of each insert was
determined. Bead-bound ternary complexes were prepared at the end
of Step 1 or Step 2 transcription. For UV photo crosslinking
experiments glycerol gradient puriﬁed RNA polymerase was
employed. Due to the small volume of each fraction the optical
density of the RNA polymerase preparation was not determined. The
enzyme level used in each set of experiments was determined by a
preliminary titration of each enzyme preparation and assaying the
extent of crosslinking. Up to 3 μl of gradient puriﬁed RNA polymerase
was employed in each 20 μl reaction. The Step 1 ternary complexes
were constructed by transcription in the presence of 1 mM CTP, 1 mM
ATP, 0.375 mM 3′ Omethyl GTP and 10 μCi α32P UTP for 10 min at 30 °
C. Beads were collected, washed and resuspended in transcription
salts. Step 2 ternary complex located at the end of the A-less cassette
were radiolabeled during Step 2 transcription. G21 RNA containing
Step 1 ternary complexes were prepared in the absence of radi-
olabeled UTP and the presence of 0.1 mMUTP. Step 2 transcriptionwas
conducted in the presence of 2 μM UTP, 1 mM CTP, 1 mM GTP and
10 μCi α32P UTP for 20 min at 30 °C. Bead-bound ternary complexes
were aliquoted into 96 well dishes and incubated in the presence or
absence of VTF, or VTF subdomains, VTF D11–545 and VTF D1498–844/
D12, on an ice water bath. A germicidal lamp was placed 10 cm above
the dish and the samples were irradiated for 20 min. After irradiation,
samples were treated with 1000 U of ribonuclease T1, and 1 U of
deoxyribonuclease I, denatured by the addition of a 1/3 volume of 4×
protein sample buffer, boiled and analyzed by SDS gel electrophoresison 10% polyacrylamide gels. For immunoprecipitation analysis,
irradiated samples were adjusted to 0.5% SDS and 10 mM β-
mercaptoethanol and boiled to denature the complexes. Immunopre-
cipitations were carried out as previously described (Niles and Seto,
1988; Christen et al., 1992). Polyclonal antibodies directed against the
RNA polymerase subunits were generously provided by Dr. Stewart
Shuman. Antibodies directed against VTF, Rap94, and NPH I were
described (Higman et al., 1992; Mohamed et al., 2002; Christen et al.,
1992, 1998).
5BrU9 competition studies
Step 2 radiolabeled ternary complexes were prepared as described
above. Complexes were incubated in the absence or presence of
2 pmol of VTF and the absence or presence of a 22 base ribo
oligonucleotide containing a central 5BrU9 motif. UV photo cross-
linking was done as written above in the presence of varying amounts
of oligonucleotide. Transcription assays were conducted in the
presence of 2 pmol of VTF and the presence of varying levels of
5BrU9 oligonucleotide (Mohamed and Niles, 2003a,b). Transcription
termination was evaluated after separation of the transcripts by gel
electrophoresis, autoradiography and densitometric analysis of the
exposed ﬁlm.
Ribonuclease A protection studies
Step 2 ternary complexes located at the end of the A-less cassette,
radiolabeled during either Step 1 or Step 2 transcription, were
prepared as described above. Complexes were washed, resuspended
and aliquoted into eppendorf tubes for ribonuclease A treatment. As a
control, RNA was isolated from the bead-bound ternary complexes
and incubated directly. Both bead-bound ternary complexes and free
RNAwere incubated with VTF for 20min, at 30 °C. Varying amounts of
ribonuclease A were added and samples were incubated for an
additional 15 min. Ribonuclease A resistant RNA was extracted,
resuspended in formamide, heated and analyzed by denaturing urea
gel electrophoresis on 11% polyacrylamide gels. RNA fragments were
observed by autoradiography and RNA levels were quantiﬁed by
densitometry.
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